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bio-oil heavy fraction was characterized in terms of sugar content and distribution, inhibitor content, and
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streams also contained a variety of inhibitors, particularly 5-hydroxymethylfurfural (5-HMF) and
methylcyclopentenolone. Methylcyclopentenolone, maple lactone, was found to decrease the specific growth
rate of E. coli by 50% when present at 0.72 wt%, indicating that it is less toxic than furfural, acetic acid and
guaiacol. Sugars produced from switchgrass contained 4-fold less contaminants on a per-sugar basis than
those from poplar and pine. All of the sugar streams contained too many inhibitors to be used at an
industrially feasible concentration without additional detoxification. The poplar-derived pyrolytic sugar syrup
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Thermochemical processing is a promising method for the rapid depolymerization of biomass. This study 17 
investigated switchgrass, corn stover, red oak, hybrid poplar, and loblolly pine in terms of heteropolymer 18 
and elemental composition, and the distribution and composition of the fast pyrolysis products. Corn 19 
stover differed from other biomass types in that less of the biomass was recovered as sugar or phenolic oil 20 
(PO) and more of the biomass was recovered as bio-char and bio-gas. The sugar-rich aqueous stream 21 
recovered from the bio-oil heavy fraction was characterized in terms of sugar content and distribution, 22 
inhibitor content, and ability to support production of ethanol by Escherichia coli KO11+lgk as a model 23 
biorenewable product. Levoglucosan was the most abundant sugar from each type of biomass, followed 24 
by either xylose or cellobiosan. For hybrid poplar, cellobiosan accounted for 30 wt% of the total sugar 25 
pool. Each of the sugar streams also contained a variety of inhibitors, particularly 5-26 
hydroxymethylfurfural (5-HMF) and methylcyclopentenolone. Methylcyclpentenolone, maple lactone, 27 
was found to decrease the specific growth rate of E. coli by 50% when present at 0.72 wt%, indicating 28 
that it is less toxic than furfural, acetic acid and guaiacol. Sugars produced from switchgrass contained 4-29 
fold less contaminants on a per-sugar basis than those from poplar and pine. All of the sugar streams 30 
contained too many inhibitors to be used at an industrially feasible concentration without additional 31 
detoxification. The poplar-derived pyrolytic sugar syrup was particularly inhibitory, possibly due to the 32 
high abundance of aromatic hydrocarbons, such as xylenes, and anisoles. 33 
 34 
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1. Introduction 36 
A key hurdle to the economically viable production of biorenewable fuels and chemicals is the cost-37 
effective fractionation and depolymerization of the plant biomass into fermentable substrates [1]. Fast 38 
pyrolysis has previously shown promise as a method of releasing fermentable substrates from biomass [2-39 
7]. Some of the advantages of fast pyrolysis include flexibility with respect to feedstocks, utilization of both 40 
the carbohydrate and lignin content of biomass, and opportunities for distributed processing of biomass. It 41 
has been predicted that the cost of monosaccharides produced with this process can be as low as $0.64/kg 42 
[8].  43 
The primary product of biomass pyrolysis is bio-oil, which can be recovered in two distinct fractions. 44 
The heavy fraction consists of water-soluble pyrolytic sugars and water-insoluble lignin-derived phenolic 45 
oil [9]. The sugar can be washed from the insoluble fraction and used as the substrate for microbial 46 
production of fuels and chemicals. The anhydrosugar levoglucosan (1,6-anhydro-b-D-glucopyranose) is the 47 
sugar most commonly produced by biomass pyrolysis and it has been demonstrated that existing 48 
biocatalysts can be engineered for levoglucosan utilization [10-13]. Pyrolysis of pure polysaccharides can 49 
yield as much as 60 wt% monosaccharides although the presence of alkali and alkaline earth metals can 50 
dramatically reduce these yields through their role in catalyzing pyranose ring fragmentation [14]. Sugars 51 
yields can be dramatically increased through a simple acid pretreatment of the biomass, which passivates 52 
these alkali and alkaline earth metals into thermally stable salts [15]. The phenolic-rich stream can possibly 53 
be used for biological or catalytic upgrading [16, 17]. The aqueous light fraction is rich in acetic acid, which 54 
can be biologically upgraded [18-20]. Biomass pyrolysis also produces biochar, which can be used for 55 
carbon sequestration/soil improvement [21-23], and non-condensable gases [24, 25]. 56 
Presently, the key challenge for this strategy of using fast pyrolysis to depolymerize biomass and 57 
biological utilization of the resulting substrates is the toxic “contaminants” in the crude pyrolysis products 58 
that are inhibitory to microorganisms [6, 11, 26]. Some of these contaminant compounds, such as furfural, 59 
methanol, and phenolics, have been extensively studied as biocatalyst inhibitors [27, 28]. However, the 60 
pyrolytic substrate stream is an extremely complex matrix containing many residual compounds whose 61 
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inhibitory effects on microbial growth and metabolism have not yet been studied. For example, the presence 62 
of 0.3% (w/v) pyrolytic sugar syrup is sufficient to significantly limit the growth of ethanologenic E. coli 63 
[6]. While detoxification of the sugar-rich pyrolysis product by overliming enabled its use by ethanologenic 64 
E. coli at a concentration of 3.0 wt%, much improvement is still needed in either the sugar detoxification 65 
method and/or organism robustness, as a general goal for a commercial production of biorenewables 66 
involves the provisioning of at least 10 wt% sugars to the fermentation organism.  67 
In general, plant biomass consists of cellulose, hemicelluloses, lignin, organic extractives, and 68 
inorganic minerals. It has been shown the chemical composition of the biomass used in the pyrolysis process 69 
significantly affects the composition of the pyrolysis products [15, 29-33]. Thus, pyrolysis of plant species 70 
with different distribution and content of these compounds could result in different distribution and 71 
composition of the pyrolysis products, which could in turn affect the downstream fermentation process, 72 
since different contaminant compounds have different inhibitory effects.  73 
The aim of this study is to investigate the relationship between biomass identity, its composition and 74 
the distribution, content and fermentability of the pyrolysis products, particularly the sugar product. This 75 
information can be relevant to the development of processes for converting biomass-derived pyrolysis 76 
products into fuels and chemicals.   77 
 78 
2. Materials and Methods  79 
2.1 Plant biomass  80 
Representative plant species were selected as feedstocks for the pyrolysis process. These include 81 
switchgrass (energy crop), corn stover (agricultural grass plant), red oak (hard wood), hybrid poplar (hard 82 
wood) and loblolly pine (soft wood). The switchgrass biomass was provided in bales by Chariton Valley 83 
RC&D Inc. near Centerville, IA. Corn stover was harvested from Iowa State University Plots near Boone, 84 
IA. Stover was left in the field after harvesting and then raked and baled in a second pass. Red oak chips 85 
were provided as mill residue by Wood Residuals Solutions in Montello, WI. Hybrid poplar and loblolly 86 




2.2 Composition analysis of different feedstock biomass 89 
2.2.1 Cellulose & hemicelluloses analysis Cell walls extracted from each type of biomass were analyzed 90 
to determine the cellulose and hemicellulose content, according to the method described by Brenner [34]. 91 
To determine cellulose content, 10 mg of dry cell wall was treated with Updegraff reagent (concentrated 92 
acetic acid: water: concentrated nitric acid in a ratio of 8: 2: 1 v/v) for 30 min at 100 °C. Undigested 93 
pellets were washed several times with water followed by acetone, air-dried and weighed. The cellulose 94 
content was calculated as a percentage of total cell wall: % of cellulose = (mass of dry cellulose X 100) / 95 
mass of dry cell wall. To determine hemicellulose content, 10 mg of dry cell wall was hydrolyzed with 96 
2M trifluoroacetic acid (TFA) for 2 h at 120 °C. Obtained hydrolysate was separated from the remained 97 
nonhydrolyzed cellulose by centrifugation at 8,000g for 30 minutes. Total sugar content in the supernatant 98 
was determined by phenol-sulfuric acid assay [35] and calculated using a standard curve prepared using 99 
solutions with varying amounts of glucose.  The hemicellulose content was calculated as a percentage of 100 
total cell wall. 101 
2.2.2 Lignin analysis Acetyl bromide lignin in the biomass samples was determined according to [36]. 102 
Five - 6 mg of extracted cell walls were placed in glass vials and 2 mL 25% (v/v) acetyl bromide was 103 
added. Samples were incubated at 50 oC for 2h, with occasional mixing. One mL reaction mixture after 104 
cooling was transferred to 15 mL centrifuge tube containing 2 mL 1 N NaOH, and then 1 mL 1 N 105 
hydroxylamine hydrochloride and 4 mL of concentrated acetic acid were added and after shaking the 106 
volume was made up to 10 mL with acetic acid. Optical density at 280 nm (A280) was measured against a 107 
blank, which contained all reagents except cell wall. Lignin concentration was determined using the 108 
following equation:  109 
% lignin content = A280/(SAC*sample mass)*100 110 
where SAC is the specific absorption coefficient, 17.75 g-1 L cm-1 [36]. 111 
 Determination of lignin composition was conducted at Complex Carbohydrate Research Center at 112 
University of Georgia (Athens, GA, USA). Each cell wall sample was processed in duplicate by single-shot 113 
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pyrolysis of 2.5 mg of extracted cell wall at 500 °C (Frontier Lab). The volatile compounds were separated 114 
by HP-5MS column (30 m x 0.25 mm, Agilent Technologies, Inc.) fitted to a 6890N GC system, which 115 
was interfaced to 5975B inert MSD (Agilent Technologies). The oven temperature was initially set at 50 116 
oC and ramped to 280 oC over a period of 53 min. Helium was the carrier gas for the volatile compounds 117 
and the split ratio was set at 50:1.  118 
2.2.3 Nitrogen content analysis The Dumas Method [37] was used to determine the nitrogen content in 119 
0.25 g of each type of biomass. A Vario-Max CN Analyzer (Elementar Analysensysteme GmbH, Hanau, 120 
Germany) was used.  121 
2.2.4 Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) analysis of metals 122 
Approximately 0.25g of biomass was used for ICP analysis. Ten mL of concentrated nitric acid was 123 
added to each sample and digested in an Anton Parr Microwave Reaction System (Ashland, VA) 124 
following a modified microwave assisted pressure controlled Environmental Protection Agency (EPA) 125 
3052 digestion method. After the digestion, the samples were diluted to a total volume of 100 mL with 126 
distilled water and filtered with 0.45µm glass microfiber before testing with an ICP-OES (PerkinElmer, 127 
Shelton, CT). Two replicates were analyzed for each biomass feedstock.  128 
 129 
2.3 Pyrolysis and stage fraction recovery  130 
The pyrolysis system used in this work is described elsewhere [38] and is only briefly summarized 131 
here. Note that acid pretreatment to passivate alkali and alkaline earth metals was not performed. The 132 
system consists of a feeder, a bubbling fluidized bed reactor, a cyclone, and a collection system. The screw 133 
auger was designed to feed 100 g/h of biomass. Biomass was fed in 300 g batches. The feed auger was used 134 
to control the feed rate to an injection auger. The injection auger operated at a higher RPM and pushed the 135 
biomass directly into the sand bed. Nitrogen flow was 2 standard L/min to maintain back pressure on the 136 
feed system and prevent pyrolysis vapors from back flowing. Clam shell heaters maintained the pyrolysis 137 
reactor at 500 °C. Total nitrogen sweep gas rate through the reactor was 10 standard L/min. Pyrolysis 138 
products (char, vapors and non-condensable gases) along with the nitrogen, exited the reactor and passed 139 
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through two cyclones in series. The first cyclone typically removes approximately 95% of the char with the 140 
second typically removing approximately 95% of the remaining char, thus filtering out 99% of particles 141 
with diameter greater than 5 μm. A cold quench system was used to recover the vapors. The system 142 
employed a cold spray of non-reactive gas or liquid to force the gas-phase condensation of higher molecular 143 
weight compounds to aerosols, which were collected by an electrostatic precipitator to form the heavy 144 
fraction. This was followed by a low temperature condenser suitable for condensing water and water-145 
soluble oxygenates, yielding the light fraction.  146 
The mass of biomass used and the resulting heavy fraction, light fraction, bio-char, and gas 147 
collected were recorded. The heavy fraction is a mixture of water-soluble sugars and water-insoluble 148 
phenolic oil. This was washed with water to separate the water-soluble sugars (“sugar wash”) from the 149 
phenolic oil (“clean phenolic oligomers”) [9]. Figure 1 shows the flow chart of our overall process.  150 
In the washing step, the heavy fraction and water were heated to 50 °C and approximately 10 g of 151 
heavy fraction was evenly spread along edges of a 50 mL centrifuge tube. The actual weight of heavy-152 
fraction was determined and heated water with twice the mass of the heavy fraction was added. The mixture 153 
was vortexed for 30 min and then centrifuged at 3500 RPM for 15 min. The supernatant was then recovered 154 
as the sugar wash solution and phenolic oil.  155 
 156 
2.4 Characterization of pyrolytic sugar solution 157 
Sugar composition was analyzed by a Dionex Ultimate 3000 LC system (Sunnyvale, CA) with a 158 
quaternary analytical pump and a Shodex Refractive Index (RI) Detector (New York, NY). The analytical 159 
columns are Bio-Rad Aminex HPX-87P column with a guard column Micro-Guard cartridge. The mobile 160 
phase was ultrapure 18.2 megaohm deionized water with a flow rate of 0.6 mL/min and the column 161 
temperature was maintained at 75 °C. 162 
The contaminant compounds in the sugar wash were analyzed by gas chromatography (GC). To 163 
prepare the sample, 300 µL of pyrolytic sugar solution was added to 700 µL of methanol. One µL of sample 164 
(split ratio of 45:1) was injected into a Varian 430- GC (Palo Alto, CA) equipped with flame ionization 165 
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detector (FID) and Zebron® ZB-1701 (Torrance, CA) (60 m ×0.25 mm × 0.25 µm) column. The carrier gas 166 
was helium at a constant flow rate of 1.0 mL/min. The injection temperature was 250 °C. The column 167 
temperature was kept at 45°C for 4 min and then increased to 235 °C at 3 °C/min, followed by a hold time 168 
of 10 min. Standard chemicals dissolved in methanol were used for retention time determination and 169 
calibration. 170 
The Folin-Ciocalteau (FC) colorimetry method was used to assess phenolic content, as previously 171 
described [6].  172 
 173 
2.5 Growth inhibition characterization 174 
A single colony of E. coli MG1655 was grown overnight in 3 mL 3-(N-175 
morpholino)propanesulfonic acid (MOPS) minimal medium containing 2% w/v dextrose at 37 °C and 250 176 
RPM. MOPS medium was prepared as previously described [39]. One hundred and fifty µL of seed 177 
culture was centrifuged at 6000 RPM for 5 min and the cell pellet was washed with 500 µL of phosphate-178 
buffered saline. Washed cells were centrifuged again and diluted into 1 mL of MOPS 2% w/v containing 179 
variable amounts of methyl cyclopentenolone. Two hundred µL of culture were placed in a well of a 96-180 
well plate, with three technical replicates of each concentration for each experiment. The 96-well plate 181 
was placed in an EonTM microplate spectrophotometer (BioTek) and the Gen5 2.05 software was utilized 182 
to incubate the 96-well plate for 15 h at 37 °C and 205 rpm. Optical density (550 nm) was measured every 183 
10 minutes. Three biological replicates were performed. 184 
Growth curves obtained from plate reader were linearized by calculating the natural logarithm of 185 
the OD550 value divided by the initial OD550 measurement for each culture and time-point. The duration of 186 
the log-phase was determined for each concentration of methylcyclopentenolone by comparing the slopes 187 
between each time point of the linearized plot. Specific growth rate was calculated during the observed 188 
log-phase and standard deviation of the slope was calculated from the linearized plot for each calculated 189 




2.6 Fermentation of pyrolytic sugars 192 
The levoglucosan-consuming, ethanol-producing E. coli KO11+lgk strain was used to test the 193 
fermentability of pyrolytic sugar solution [10]. The baseline media was rich Luria Broth. Pyrolytic sugars 194 
were added at a range of total sugar concentration, which was calculated as the sum of levoglucosan, xylose, 195 
cellobiosan, galactose, mannose, and cellobiose. Pure glucose (1.0 wt%) was used as the control. The media 196 
was adjusted to pH 7.0 with NaOH, and passed through a 0.22 µm filter for sterilization. The bacteria seed 197 
on Petri-dish plate at 37 °C for 24 hours were washed with 1.0 mL LB medium. Fifty µL of this suspension 198 
was used to inoculate 15 mL of medium. Four mL aliquots of this mixture were distributed into anaerobic 199 
culture tubes and sealed with rubber stoppers. The culture tubes were incubated at 37 ºC with orbital shaking 200 
at 150 RPM for 48 hrs. One mL samples were taken at 24 and 48 hrs, and ethanol concentrations were 201 
measured with GC-FID, as previously described [6].  202 
 203 
2.7 Statistical analysis 204 
The Pearson function in Microsoft Excel® was used to calculate correlation coefficients. Standard 205 
procedures were used for propagation of error in values calculated from experimental measurements. 206 
Statistical analysis was performed using the t-test calculator in Microsoft Excel and with the GraphPad 207 
QuickCalcs feature. A p-value less than 0.05 was considered as significant.  208 
 209 
3. Results and Discussion 210 
3.1 Biomass characterization 211 
All of the biomass feedstocks were characterized in terms of the distribution of the cellulose, 212 
hemicellulose and lignin heteropolymers (Table 1), the distribution of the lignin between the three lignin 213 
types (Table 2) and elemental composition (Table 3). A number of statistically significant differences were 214 
observed. 215 
As shown in Table 1, two significant groupings were observed for the cellulose composition: hybrid 216 
poplar had the highest content, with the cellulose content in switchgrass, corn stover and red oak being 217 
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significantly lower. All biomass types contained a similar amount of hemicellulose, roughly 34 wt%. In 218 
terms of lignin, red oak and hybrid poplar contained roughly 20 wt% lignin, while switchgrass, corn stover 219 
and loblolly pine each contained approximately 15 wt% lignin. These heteropolymer distributions are 220 
consistent with previous reports for switchgrass, corn stover and hybrid poplar [4, 16], and red oak [40]. 221 
The lignin heteropolymer consists of three monolignols, p-coumaryl alcohol, coniferyl alcohol, and 222 
sinapyl alcohol, and can be classified into three types: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). 223 
Table 2 shows the distribution of these lignin types within both the total lignin pool and the entire biomass. 224 
Red oak and hybrid poplar had statistically indistinguishable lignin profiles: both had S- and G-type lignin 225 
as 80 and 20% of the total lignin pool respectively, and no H lignin. Switchgrass and corn stover both 226 
produced S lignin as roughly 10% of the total lignin fraction, but differed in the relative abundance of H 227 
and G lignins. Switchgrass produced more G lignin than H lignin, but the opposite trend was observed for 228 
corn stover. Softwood pine had primarily G lignin (94%). When considering the absolute abundance of 229 
each lignin type, red oak and hybrid poplar are once again highly similar, with S and G lignin accounting 230 
for 16 and 4 wt% (dry basis) of the total biomass, respectively. These results are consistent with previous 231 
reports that switchgrass has all three types of lignin, with the G-type being the most abundant [41], and that 232 
hardwoods are rich in S-lignin, but also contain G-type lignin [42, 43]. 233 
In addition to cellulose, hemicelluloses and lignin, different biomass are expected to vary in terms 234 
of their elemental composition, which may in turn impact the composition of the pyrolysis products. 235 
Grassy biomass, specifically switchgrass and corn stover, had significantly higher nitrogen content 236 
relative to woody biomasses of red oak, poplar, and pine (Table 3). This higher nitrogen content could 237 
result in higher production of nitrogen-derived compounds, such as amides and amines, in the pyrolysis 238 
process [44]. Phosphorus and sulfur showed trends similar to nitrogen, though the differences between 239 
herbaceous and woody biomass are not significant (Table 3). The nitrogen and sulfur results are 240 
consistent with previous reports [4]. 241 
For the metal elements, grassy biomasses had significantly higher content of calcium and 242 
magnesium than the woody biomasses (Table 3). Higher magnesium content was previously associated 243 
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with higher water content, increased average molecular weight of bio-oil, and decreased content of 244 
levoglucosan and other small molecules [45]. Thus, higher concentration of calcium and magnesium in 245 
herbaceous biomasses could result in different bio-oil compositions relative to the woody biomasses. 246 
There were no significant differences between any of the biomass types in terms of sodium, aluminum, 247 
iron or zinc content (Table 3).  248 
 249 
3.2 Distribution of pyrolysis products 250 
The amount of heavy ends, light ends, bio-char and bio-gas produced from pyrolysis of the 251 
different biomass feedstocks was measured, with approximately 90% mass closure (Table 4). 252 
Significantly less of the corn stover was recovered as heavy fraction, relative to any of the other biomass 253 
types, with 19+1 wt% for corn stover and 26-30% recovery for the others. The abundance of the light 254 
fraction was statistically similar for all biomass types, accounting for roughly one third of the pyrolysis 255 
product. Significantly more biochar was produced from corn stover (22 wt%) than from hybrid poplar (13 256 
wt%) (P = 0.005). Up to fifteen percent of the original biomass was recovered as bio-gas, with 257 
switchgrass producing significantly less bio-gas than corn stover or loblolly pine. 258 
 259 
3.3 Composition of heavy fraction 260 
The heavy fraction was further separated into a sugar-rich solution, referred to as sugar wash and 261 
phenolic oil (PO) (Figure 1). As a 2:1 mass ratio of water to heavy fraction was used, each diluted heavy 262 
fraction contained 33.3 wt% heavy fraction and 66.6% water. The sugar wash and PO were found to have 263 
a relative mass abundance of approximately 75:25, with the sugar wash containing, on average, 4 wt% 264 
total soluble sugars (Table 5). The recovery of lignocellulosic biomass as sugar monomers ranged from 265 
1.68 wt% for corn stover to 3.2% for loblolly pine, with significantly less sugar being recovered from 266 
corn stover than from switchgrass, hybrid poplar, and loblolly pine.  267 
The percentage of the biomass recovered as PO ranged from 14% for corn stover to 25% for 268 
hybrid poplar, with significantly less PO being recovered from corn stover relative to all other biomass 269 
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types. For switchgrass, hybrid poplar and loblolly pine, the percent of the original biomass recovered as 270 
PO is significantly higher than the weight percent lignin measured in the original biomass (Table 1), 271 
suggesting that at least some of the cellulose or hemicellulose may have been converted into insoluble 272 
substances. 273 
Previous reports of a similar processing method have reported higher sugar and lower PO 274 
recovery values for both red oak and switchgrass [24]. The relatively low sugar recovery may be due the 275 
fact that acid pretreatment of the biomass was not performed, where this sort of treatment has previously 276 
been shown to passivate alkali and alkaline earth metals [24]. 277 
 278 
3.4 Composition of pyrolytic sugar solution 279 
The abundance and distribution of the various soluble sugar monomers is shown in Table 6. As 280 
expected, levoglucosan is the most abundant sugar recovered from each biomass type. Levoglucosan 281 
accounted for a significantly higher fraction of the total sugar pool for switchgrass and loblolly pine than 282 
for the other biomass types. Xylose accounted for 10 – 20 wt% of the total sugar pool and had increased 283 
abundance in the sugars produced from switchgrass and corn stover than from the other biomass types. For 284 
red oak, hybrid poplar and loblolly pine, cellobiosan was the second most abundant sugar, with substantially 285 
more cellobiosan in the hybrid poplar-derived sugar wash than from other biomass types. The relative 286 
abundance of galactose and mannose differed substantially between the different biomass types. Cellobiose 287 
was only detected in the sugar wash from switchgrass, corn stover and red oak, accounting for 288 
approximately 2 wt% of the total sugar pool. No cellobiose was detected in the sugar wash derived from 289 
hybrid poplar or loblolly pine.  290 
Although useful sugars exist in the sugar wash, the presence of contaminant non-sugar 291 
compounds, such as furans, aldehydes and methoxyphenols, inhibits the utilization of these sugars by 292 
microbial biocatalysts [6]. Thus, the abundance of these inhibitory compounds in the sugar wash was also 293 
measured (Table 7).  294 
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As expected, a substantial number of these compounds are furans, including: furan, 2-295 
furaldehyde, 2-furanmethanol, and 5-HMF. Furans are defined as having an aromatic ring consisting of 296 
four carbons and one oxygen. For all biomass types, 5-HMF was the most abundant inhibitor detected, 297 
with all streams containing at least 0.5 wt% 5-HMF. The poplar and pine sugar washes had the highest 298 
abundance of furans, at 2.4 and 2.3 wt%, respectively. The lowest amount of furan was detected in the 299 
switchgrass-derived sugar wash, at 0.5 wt%.  300 
The poplar-derived sugar wash had a significantly higher concentration aromatic hydrocarbons 301 
than any of the other biomass types (P < 0.05). No aromatic hydrocarbons were detected in the sugar 302 
wash derived from switchgrass and red oak, but ethylbenzene, xylene, and styrene were detected in the 303 
sugar wash from corn stover, poplar, and pine.  304 
Anisoles consist of an aromatic ring with a methoxy group. No anisoles were detected in sugar 305 
wash produced from switchgrass or red oak. As with the total aromatic hydrocarbons, the poplar-derived 306 
stream contained significantly more anisoles than any of the other sugar wash streams (0.13 wt%) (P < 307 
0.01), with the pine-derived sugars having significantly more anisoles than the sugars produced from corn 308 
stover, red oak or switchgrass (P < 0.05). 309 
A wide range of phenolic compounds were measured in the various sugar washes. 2,6-310 
dimethylphenol, 2,4-dimethylphenol, and 4-ethylphenol were detected in all sugar wash streams, regardless 311 
of biomass type. The abundance of phenolic compounds was significantly higher in the corn stover- and 312 
poplar-derived sugar streams relative to the switchgrass and red oak. And while the abundance of phenolic 313 
compounds was highest in the pine-derived sugars, this value (0.21+0.06 wt%) was not significantly 314 
different from any of the other samples, using a p-value cutoff of 0.05.  315 
Guaicols consist of an aromatic ring with a methoxy group and a hydroxyl group. All of the sugar 316 
wash streams contained the guaicols 2-methoxy-4-methylphenol, isoeugenol, and coniferaldehyde. In terms 317 
of total guiacaol abundance, the poplar- and pine-derived sugar washes had a significantly higher 318 
concentration than the sugar washes derived from switchgrass, corn stover or red oak.  319 
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There are a variety of unclassified aromatics that were found in each of the sugar wash solutions, 320 
regardless of biomass type (Table 7) that are not discussed in detail here. However, the presence of 321 
methylcyclopentenolone does warrant discussion. For all biomass types, methylcyclopentenolone, also 322 
known as 2-hydroxy-3-methyl-2-cyclopenten-1-one or maple lactone, is one of five most abundant 323 
contaminants identified in the sugar wash solution. This compound has previously been demonstrated as 324 
being produced during the base-mediated depolymerization of spruce wood, or from a similar treatment of 325 
galactose [46]. While furan toxicity to traditional fermentation organisms has been extensively investigated, 326 
such reports do not exist for methylcyclopentenolone.  327 
Characterization of the growth of E. coli strain MG1655 during challenge with 328 
methylcyclopentenolone in minimal media indicates that the specific growth rate is decreased by 50% (IC50) 329 
in the presence of 64 mM (0.72 wt%) methylcylopentenolone (Figure 2). This suggests that 330 
methylcyclopentenolone is less inhibitory than many other inhibitors, such as furfural, which has an IC100 331 
of 0.37 wt% [47], 5-hydroxymethylfurfural, which has an IC100 of 0.45 wt% [47], acetic acid, which has an 332 
IC90 of 0.60 wt% [48], and guaiacol, which has an IC100 of 0.30 wt% [49]. 333 
The total abundance of identified compounds ranges from 1.0 – 3.9 wt%, with the poplar- and pine-334 
derived sugar streams containing significantly more contaminants than the other biomass types, and the 335 
switchgrass-derived sugar stream containing a significantly lower amount of contaminants than all of the 336 
other biomass types (P < 0.005). These trends are conserved with the contaminant abundance is normalized 337 
relative to the sugars as a contaminant/sugar ratio (wt%/wt%). Poplar- and pine-derived sugar streams have 338 
the highest mass of contaminants per mass of sugar, with the poplar-derived syrup containing 3.91+0.06 339 
wt% contaminants and 4.77+0.05 wt% sugars, resulting in a contaminant/sugar ratio of 0.82+0.02. This 340 
ratio is similar for the pine-derived sugar wash. Switchgrass-derived sugars have the lowest relative 341 
abundance of contaminants compared to sugars, with a ratio of 0.227+0.003. 342 
3.5 Fermentability of pyrolytic sugar solution 343 
The sugar wash stream is intended to be used as a feedstock for the fermentative production of 344 
fuels and chemicals. As shown in Table 7, there are a wide variety of non-sugar contaminant compounds 345 
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in the sugar wash stream, many of which are known to be inhibitory to fermentation organisms. A number 346 
of pre-treatment methods have been demonstrated to remove some of these inhibitors and improve the 347 
fermentability [6, 9, 50, 51]. Here, we tested the production of ethanol, a model fermentation product, 348 
from the untreated sugar wash streams. The volume of sugar wash added to the fermentation media was 349 
varied so that the total sugar concentration in the media was constant across biomass types. Sample 350 
calculations are shown for a target sugar concentration of 0.10 wt% (Table 8). As expected from the 351 
contaminant/sugar ratios discussed above, the medium prepared with the poplar and pine-derived sugar 352 
wash solutions contain the highest concentration of identified contaminants, while the sugar wash 353 
produced from switchgrass has the lowest. 354 
Many of the compounds present in the sugar wash have not been characterized in terms of the 355 
inhibition of standard fermentation organisms. Biomass-derived inhibitors have also been reported to have 356 
a synergistic effect [49, 52, 53]. Thus the total concentration of non-sugar compounds cannot be assumed 357 
to correlate with fermentability of the associated sugars. Therefore, the fermentability of pyrolytic sugars 358 
from the different biomass types was tested experimentally, using ethanologenic E. coli KO11+lgk [10] in 359 
rich medium as a representative fermentation organism (Figure 3). Medium without pyrolytic sugar was 360 
used as the control. 361 
Generally, sugar wash derived from switchgrass, corn stover or red oak supported higher ethanol 362 
titers than the sugar wash derived from poplar or pine (Figure 3). This grouping is consistent with the 363 
measured contaminant/sugar ratio. For all biomass types, essentially no ethanol production was observed 364 
when the fermentation medium was dosed with sufficient sugar wash to provide 0.25 wt% sugar. This 365 
demonstrates the need for detoxification of these syrups, as sugar concentrations of at least 10 wt% are 366 
generally desirable for industrial fermentations. 367 
The substantial difference in the ethanol titers for cultures containing 0.10 wt% sugars derived from 368 
poplar relative to pine is surprising, given the similar contaminant/sugar ratio of these two sugar wash 369 
streams (Table 7). Specifically, pine-derived syrup enabled the production of 70+10 mg/L ethanol, while 370 
the poplar-derived syrup enabled the production of only 4+2 mg/L ethanol (P = 0.01). The poplar and pine 371 
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sugar wash streams only differed significantly in regards to the abundance of aromatic hydrocarbons and 372 
anisoles, where both of these groups were more abundant in the poplar-derived stream (Table 7). This 373 
suggests that these compounds may be at least partially responsible for the very poor fermentability of the 374 
poplar-derive sugar stream.  375 
 376 
Conclusions 377 
 Here, we have compared a variety of biomass types through the progression of thermochemical 378 
processing framework. Knowledge of the distribution and composition of the various pyrolysis products 379 
can both guide selection of biomass for processing and provide metrics for computational model-based 380 
comparisons. Our compositional analysis of the biomass in terms of the major heteropolymers (Table 1) 381 
and elemental abundance (Table 3) is consistent with previous reports [4], particularly in terms of the high 382 
cellulose content of hybrid poplar and increased abundance of N in switchgrass and corn stover relative to 383 
woody biomass. In our processing condition, similar amounts of heavy fraction were recovered from all 384 
biomass types except for corn stover (Table 4). Significantly more bio-char was recovered from processing 385 
of corn stover relative to poplar, and corn stover and pine both resulted in increased bio-gas production 386 
relative to switchgrass (Table 4). The pyrolysis heavy fraction can be processed into two potentially useful 387 
products: sugars and PO. Significantly less of the corn stover biomass was recovered as sugars or as PO 388 
(Table 5) than the other biomass types, consistent with the increased recovery of bio-char and bio-gas. 389 
 The novelty of our work is in the analysis of the sugar-rich stream. The presence of a variety of 390 
mixed sugars in biomass hydrolysate has proven to a substantial hurdle to its utilization by fermentation 391 
organisms [54, 55]. The anhydrosugars levoglucosan and cellobiosan are not part of the natural substrate 392 
range of most fermentation organisms, and metabolic engineering is needed to enable their utilization [12]. 393 
Substantial variation in the sugar distribution was observed among our five focal biomass types (Table 6), 394 
particularly in terms of cellobiosan, which accounted for 13 – 30 wt% of the total sugar pool. It should be 395 
noted that microbial utilization of cellobiosan is still extremely undercharacterized [56, 57] and these results 396 
provide motivation for further study of utilization of this sugar. 397 
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 Composition analysis of the sugar-rich stream shows substantial differences in the presence and 398 
abundance of non-sugar contaminants. On a per sugar basis, the sugar-rich solution from switchgrass 399 
contains less than half of the amount of contaminants as the next cleanest sugar stream, red oak (Table 7). 400 
The poplar- and pine-derived sugar streams contain substantially more inhibitors than the other biomass 401 
types, particularly in terms of furans, anisoles and guaiacols. For all biomass types, the most abundant 402 
inhibitor was 5-HMF, a fairly well-established inhibitor of fermentation organisms and a promising 403 
platform chemical [54]. Contrastingly, methylcyclopentenolone was present in substantial amounts in all 404 
sugar streams, though our growth analysis indicates that this compound is less inhibitory to E. coli than 405 
many other inhibitors. 406 
Each of the sugar streams still contain too many inhibitors to be used at a concentration suitable for 407 
industrial production of fuels and chemicals without additional detoxification steps (Figure 2). The fact that 408 
the poplar-derived sugar-rich syrup was more inhibitory to ethanologenic E. coli than the pine-derived 409 
sugar-rich syrup suggests that the aromatic hydrocarbons and anisoles may be substantial contributors to 410 
the toxicity of these streams. This information provides guidance for the development, implementation and 411 
assessment of detoxification strategies.  412 
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H lignin, p-hydroxyphenyl type 424 
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MOPS, 3-(N-morpholino)propanesulfonic acid 428 
OD550, optical density at 550 nm 429 
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FIGURE LEGENDS 608 
 609 
Figure 1. Flow chart for biomass depolymerization and biological utilization. 610 
 611 
Figure 2: Inhibition of E. coli MG1655 by maple lactone during growth in MOPS minimal media with 612 
glucose at 37 °C. 613 
 614 
Figure 3. Ethanol production from biomass-derived pyrolytic sugars is generally consistent with the 615 
contaminant/sugar ratio. Fermentation was performed by levoglucosan-utilizing ethanologenic E. coli 616 
KO11+lgk in Luria Broth at 37 °C in 4 mL cultures in closed tubes for 48 hours. The amount of pyrolytic 617 
sugar syrup added to the fermentation media was varied according to biomass type in order to achieve the 618 
target sugar concentration, with sample calculations provided in Table 8. 619 
Highlights 
- Corn stover pyrolysis produced less sugar or phenolic oil than other biomass types 
- Maple lactone is abundant in pyrolytic sugars, but its toxicity to E. coli is low 
- Sugar syrup derived from poplar showed high toxicity to ethanologenic E. coli 
- Xylene and anisole content trends with observed toxicity of sugar stream 
- Anhydrosugar distribution differs between biomass types 
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Table 1: Major heteropolymer distribution in each selected biomass type. Values are wt% on a dry basis, 
given as the average of three replicates with the corresponding standard deviation. Values within a single 
column marked with the same letter are not significantly different, using a P-value cut-off of 0.05. 
Colored font indicates statistically similar groups within columns. 
 
Cellulose Hemicellulose Lignin 
Switchgrass 34.1±0.9a 32±4a 14.9+0.6a 
Corn stover 31.1±0.4a 37±3a 15.0±0.2a 
Red oak 31.5±0.9a 35.0±0.9a 20.4+0.5b 
Hybrid Poplar 48±1b 32±5a 19.6±0.5b 
Loblolly Pine 38±5a,b 34.3±0.9a 16.1±0.3a 
 
Table 2. Lignin content in each of the selected biomass types. Values are the average of two replicates 
with the corresponding standard deviation. Values within a single column marked with the same letter are 
not significantly different, using a P-value cut-off of 0.05. Colored font indicates statistically similar 
groups within columns. 
  
wt% of total lignin wt% of total biomass  
S H G S H G 
Switchgrass 14±2a 38±1a 48±1a 2.1+0.3a 5.7+0.3a 7.2+0.3a 
Corn stover  9.3±0.7a 57.8±0.8b 32.9±0.2b 1.4+0.1b 8.7+0.2b 4.94+0.07b 
Red oak  79.8±0.4b 0.0c 20.2±0.4c 16.1+0.4c 0.0c 4.1+0.1c 
Hybrid Poplar 80±10b 0.0c 20±10a,b,c 16+2c 0.0c 4+2a,b,c 




Table 3. Elemental analysis of each of the selected biomass types. Values are the average of two 
replicates and are presented with the corresponding standard deviation. Values within a single row 
marked with the same letter are not significantly different, using a P-value cut-off of 0.05. Colored font 
indicates statistically similar groups within rows. 
 
(wt %)  Switchgrass Corn stover Red oak Poplar Pine 
N   0.52±0.01a 0.61±0.07a 0.18±0.02b 0.20±0.00b 0.22±0.03b 
P  0.2±0.1a 0.09±0.04a <0.01a <0.01a <0.01a 
S  0.24±0.08a 0.07±0.05a <0.01a <0.01a <0.01a 
Ca   1.28±0.01a 1.38±0.06a 0.39±0.01b 0.52±0.06b 0.31±0.04b 
Mg   0.67±0.07a 1.10±0.01b <0.01c <0.01c <0.01c 
Na  0.5±0.6a 0.7±0.3a 0.44±0.03a 0.56±0.03a 0.4±0.1a 
Al   <0.01a <0.01a <0.01a <0.01 a <0.01a 
Fe   <0.01a <0.01a <0.01a <0.01a <0.01a 




Table 4. Mass distribution of pyrolysis products (wt%). Values are the average of two replicates and are 
presented with the corresponding standard deviation. Values within a single column marked with the 
same letter are not significantly different, using a p-value cut-off of 0.05. Shading is used to emphasize 
statistically similar groups within columns. Colored font indicates statistically similar groups within 
columns. 
 
Heavy Fraction Light Fraction Bio-Char Bio-Gas Mass Closure 
Switchgrass 26+2a 33+2a 19+1a,b,c,e 12.3+0.5a 90+3 
Corn Stover 19+1b 35+2a 21.8+0.5a,b,c 14.5+0.4b 90+2 
Red Oak 28+2a 37+2a 15+4a,b,c,d,e 14+4a,b 94+6 
Hybrid Poplar 29.8+0.8a 31.3+0.9a 12.6+0.8d,e 14+2a,b 88+2 




Table 5. Distribution of sugar wash and phenolic oil (PO) from the heavy fraction. The heavy fraction 
was diluted with 2 masses of water and separated into sugar wash and PO. Sugar content was measured 
by HPLC (Table 6A) and is expressed as a sum of levoglucosan, xylose, cellobiosan, galactose, mannose 
and cellobiose. The recovery of original biomass as sugars or PO is calculated from the heavy fraction 
abundance (Table 4) and the data presented here in Table 5. Values within a single column marked with 
the same letter are not significantly different, using a P-value cut-off of 0.05. Colored font indicates 
statistically similar groups within columns. 
 
 Distribution (wt%) of the 





wt% of original biomass recovered 
as sugars or PO 
 Sugar wash PO Sugars PO 
Switchgrass 70.7 29.3 4.58+0.05 2.5+0.2a 23+2a,c 
Corn Stover 74.8 25.2 3.93+0.05 1.68+0.09b 14.4+0.8b 
Red Oak 74.4 25.6 3.12+0.04 2.0+0.1a,b 22+2a,c 
Hybrid Poplar 71.9 28.1 4.77+0.05 3.07+0.09a 25.1+0.7a,c 
Loblolly Pine 77.5 22.5 4.7+0.2 3.2+0.2a 20.0+0.5a 
 
*Ratio of water to heavy fraction bio-oil was 2:1 by weight, and the weight of the sugar wash and PO 
were each measured after washing.  
 
 
Table 6. Abundance and distribution of soluble sugar monomers in the sugar wash recovered from the 
diluted heavy fraction.  
(A) Abundance of each sugar (wt%) in the sugar wash solution. 
 Levoglucosan Xylose Cellobiosan Galactose Mannose Cellobiose 
Switchgrass 2.51±0.04 0.94±0.01 0.62±0.00 0.13±0.02 0.26±0.00 0.12±0.03 
Corn Stover 1.94±0.05 0.71±0.01 0.49±0.01 0.54±0.01 0.18±0.01 0.07±0.01 
Red Oak 1.55±0.01 0.32±0.01 0.56±0.04 0.17±0.00 0.47±0.00 0.05±0.00 
Hybrid Poplar 2.23±0.04 0.58±0.02 1.43±0.02 0.53±0.00 0.15±0.06 0.00±0.00 
Loblolly Pine 2.93±0.14 0.48±0.04 0.90±0.06 0.15±0.06 0.21±0.02 0.00±0.00 
 
(B) Distribution (wt%) of each sugar within the total sugar pool. Values within a single column marked 
with the same letter are not significantly different, using a P-value cut-off of 0.05. 
 Levoglucosan Xylose Cellobiosan Galactose Mannose Cellobiose 
Switchgrass 54.8±0.9a 20.5±0.1a 13.5±0.1a 2.9±0.5a 5.6±0.1a 2.5±0.6a 
Corn Stover 50±1b,c,d 18.1±0.3b 12.5±0.3a 13.8±0.3b 4.6±0.3a 1.8±0.3a 
Red Oak 50.0±0.2b,c 10.2±0.3c 18±1b 5.4±0.0c 15.0±0.1b 1.5±0.2a 
Hybrid Poplar 46.8±0.9b,d 12.2±0.4d 30.0±0.5c 11.0±0.1d 0.0±0.0c 0.0±0.0b 




Table 7. Abundance (wt%) of identified non-sugar compounds in the sugar wash. Values are the average 
of three samples with the standard deviation. Values within a single row marked with the same letter are 
not significantly different, using a P-value cut-off of 0.05.  
 
 
 Switchgrass Corn stover Red oak Poplar Pine 
Furans 
furan 0 0 0 0.57±0.02 0.500±0.009 
2-furaldehyde 0 0.526±0.003 0 0.540±0.006 0.507±0.003 
2-furanmethanol  0 0.32±0.01 0.260±0.002 0.62±0.06 0.50±0.02 
5-hydroxymethylfurfural 0.549±0.004 0.74±0.04 0.60±0.02 0.675±0.008 0.77±0.04 
Total furans 0.549±0.004a 1.58±0.04b 0.86±0.02c 2.41±0.06d 2.28±0.05d 
Aromatic Hydrocarbons 
ethylbenzene 0 0.02±0.01 0 0.027±0.009 0.020±0.003 
p-/m-xylene composite 0 0.015±0.002 0 0.054±0.003 0.003±0.000 
styrene 0 0.017±0.000 0 0.024±0.002 0.017±0.000 
Total aromatic hydrocarbons 0.000a 0.05±0.01b 0.000a 0.11±0.01c 0.040±0.003b 
Anisoles 
anisole 0 0 0 0.008±0.002 0 
2-methylanisole 0 0.01±0.01 0 0.115±0.007 0.067±0.004 
vinylanisole 0 0 0 0.011±0.000 0.011±0.000 
Total anisoles 0.000a 0.01±0.01a 0.000a 0.134±0.007b 0.078±0.004c 
Phenols 
phenol 0 0 0 0.018±0.004 0 
o-cresol 0 0 0 0.006±0.000 0.009±0.002 
2,6-dimethylphenol 0.004±0.002 0.014±0.003 0.007±0.002 0.020±0.003 0.030±0.002 
p-cresol 0 0 0 0 0.02±0.03 
m-cresol 0 0 0 0.004±0.002 0.006±0.005 
2,4-dimethylphenol 0.046±0.003 0.041±0.002 0.009±0.003 0.075±0.004 0.08±0.01 
3,5-dimethylphenol 0 0.004±0.002 0 0 0.008±0.002 
4-ethylphenol 0.001±0.002 0.010±0.002 0.002±0.002 0.011±0.005 0.012±0.002 
3-ethylphenol 0 0 0.002±0.003 0.009±0.002 0.014±0.000 
3,4-dimethylphenol 0 0 0 0.0009±0.002 0.0019±0.002 
3-ethyl-5-methylphenol 0.031±0.005 0.06±0.01 0 0 0.03±0.05 
Total phenols 0.082±0.006a 0.13±0.01b 0.020±0.005c 0.152±0.009b 0.21±0.06a,b,c 
Guaiacols 
2-methoxy-4-methylphenol 0.018±0.003 0.06±0.01 0.023±0.006 0.125±0.009 0.14±0.01 
4-ethyl-2-methoxyphenol 0 0 0 0.001±0.002 0.002±0.002 
2-methoxy-4-propylphenol 0 0 0 0.003±0.000 0.006±0.000 
3-methoxy-5-methylphenol 0 0 0 0 0.001±0.002 
isoeugenol 0.019±0.006 0.016±0.004 0.012±0.004 0.048±0.003 0.16±0.02 
coniferaldehyde 0.006±0.000 0.006±0.000 0.07±0.02 0.085±0.008 0.015±0.002 
Total guaiacols 0.043±0.007a 0.08±0.01a 0.11±0.02a 0.26±0.01b 0.32±0.02b 
Syringols 
4-methyl-2,6-dimethoxyphenol 0 0.005±0.002 0.075±0.004 0.102±0.009 0 
Miscellaneous Aromatics 
2,3-dimethoxytoluene 0 0 0 0.011±0.000 0.010±0.002 
3,4-dimethoxytoluene 0.003±0.003 0.009±0.000 0.008±0.002 0.021±0.004 0.013±0.002 
m-tolualdehyde 0 0 0 0.005±0.003 0.004±0.003 
1,2,4-trimethoxybenzene 0.003±0.000 0.014±0.003 0.004±0.002 0.013±0.002 0.016±0.003 
hydroquinone 0.041±0.004 0.056±0.009 0.045±0.009 0.070±0.007 0.042±0.006 
1,3-benzenediol (resorcinol) 0.022±0.002 0.024±0.002 0.024±0.002 0.024±0.002 0.025±0.002 
1,2-benzenedimethanol 0.055±0.004 0.069±0.004 0.064±0.004 0.074±0.003 0.10±0.01 
2,5-dimethoxybenzylalcohol 0 0.014±0.000 0.039±0.003 0.052±0.003 0.054±0.008 
4'-hydroxy-3'-
methoxyacetophenone 0.018±0.002 0.021±0.002 0.028±0.003 0.057±0.005 0.11±0.02 
3,4-dimethoxyacetophenone 0.007±0.002 0.013±0.002 0.009±0.002 0.019±0.002 0.009±0.003 
guaiacyl acetone 0.013±0.002 0.017±0.003 0.025±0.003 0.044±0.003 0.08±0.01 
2',4'-dimethoxyacetophenone 0 0 0 0 0.001±0.002 
3',5'-dimethoxy-4'-
hydroxyacetophenone 0.055±0.002 0.066±0.003 0.09±0.01 0.110±0.004 0 
Total misc. aromatics 0.217±0.008a 0.30±0.01b 0.34±0.02b 0.50±0.01c 0.46±0.03c 
Unclassified 
methylcyclopentenolone 0.152±0.004 0.21±0.01 0.162±0.006 0.241±0.004 0.234±0.009 
Total identified contaminants 1.04±0.01a 2.36±0.05b 1.56±0.04c 3.91±0.06d 3.62±0.09d 
wt% Sugar (Table 5) 4.58±0.05 3.93±0.05 3.12±0.04 4.77±0.05 4.7±0.2 




Table 8. Addition of sugar wash to fermentation media to achieve target sugar concentration results in 
varied contaminant concentration. Representative values are shown for a target sugar concentration of 
0.10 wt%. Values marked with the same letter are not significantly different, using a P-value cut-off of 
0.05. 
 Volume (mL) of 
sugar wash per L 




Switchgrass 22 0.0227±0.0003a 
Corn stover 26 0.060±0.002b 
Red oak 32 0.050±0.001c 
Poplar 21 0.082±0.002d 
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Figure 2: Inhibition of E. coli MG1655 by maple lactone during growth in MOPS minimal media with 































Figure 3. Ethanol production from biomass-derived pyrolytic sugars is generally consistent with the 
contaminant/sugar ratio. Fermentation was performed by levoglucosan-utilizing ethanologenic E. coli 
KO11+lgk in Luria Broth at 37 °C in 4 mL cultures in closed tubes for 48 hours. The amount of pyrolytic 
sugar syrup added to the fermentation media was varied according to biomass type in order to achieve the 
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